Seasonal changes in total bacterial numbers and their associated mucus coatings in surficial sediments were examined. Bacterial numbers followed the temperature cycle, with highest numbers in summer. The specific surface areas of the sediments were measured rather than inferred from other granulometric properties; bacterial numbers were proportional to surface areas only for sample suites collected at the same time. Bacteria inhabited shallow depressions on sand and silt grains; they were not found on grains smaller than about 10 pm or inside smaller pores like those on weathered feldspar grains. Mucus coatings also followed a seasonal cycle, increasing in abundance and coalescence from spring into summer. These coatings accumulated clay grains, suggesting that the relationship of bacteria to surface area may be due to bacterial control of surface area rather than the reverse. Organic carbon concentrations in grain size separates of these sediments increased with decreasing size until the fine silt fraction, and decreased in the clay fraction; it is not clear, however, whether this trend is a result or a cause of bacterial colonization patterns.
Particle surfaces are important habitats for sedimentary bacteria. Adsorption of nutrients to solid surfaces and an accompanying increase in bacterial biomass was demonstrated in the early laboratory work of ZoBell(1943) . Subsequent measurements of bacterial numbers or metabolic activities in sediments have exhibited a strong inverse correlation with sediment grain size, implying a surface area dependence (Dale 1974; Hargrave 1972) . However, this surface area dependence of bacteria has not yet been verified with direct measures of surface area. The difficulties in relating measured surface areas to other granulometric parameters have been pointed out by Mayer and Rossi (1982) .
Microtopography of sediment grains has also been implicated as a factor influencing bacterial colonization on sediment grains. In an optical microscope study of sand grains, Meadows and Anderson (1966) areas of bare suface between them; these patches were often found in hollows and cracks. Weise and Rheinheimer (1978) found the density of bacterial cells to be determined by microtopography, with the highest densities on subrounded or subangular grains. Frankel (1977) found that subangular to subrounded grains of hornblende supported fewer bacteria than relatively smooth biotite grains. The separated folia of the biotite grains provided a more protected habitat and consequently supported a larger population. The degree of protection seems to influence the population size of colonizing microbiota. Surface morphology affected both the total biomass and the community structure of the microbiota (including bacteria, algae, and grazers) on silica grains in a running seawater experiment (Nickels et al. 1981) . Total microbial biomass was higher on grains with more surface irregularities. Smooth grains of the same size supported a lower population of procaryotes and microalgae, with an increase of microeucaryotic grazers. 
Methods
Samples of the top 4-5 mm of sediment were taken from February to October 1981 at low tide at three stations in Lowes Cove, an intertidal mudflat on the Damariscotta River estuary in Maine. The samples were divided into four parts: two for SEM and epifluorescence examination were fixed in a glutaraldehyde-buffer mixture adjusted to the osmolality of seawater with sucrose, a third was dried to obtain a wet-to-dry-weight ratio, and the fourth was frozen for later surface-area analysis.
The SEM samples were postfixed in 1% osmium tetroxide with sodium cacodylate buffer after the unbound glutaraldehyde had been removed by a series of washes. The sediments were then dehydrated, dried in a critical-point dryer with liquid C02, and sputter coated with goldpalladium before observation in a Coates and Welter Quikscan scanning electron microscope.
DAPI (4'-6-diamidino-2-phenylindole dihydrochloride)
has been used by microbiologists as a very specific DNA binding fluorochrome (Coleman 1980) . Its use in staining for direct counts of bacteria has been explored and it has been shown to be a much more specific stain than acridine orange, with greater fluorescence intensity and a much slower rate of fading. In view of the advantages of DAPI for staining bacteria in direct counting procedures, we modified the method of Porter and Feig (1980) for use with marine sediments.
DAPI is photodegradable; therefore all samples were processed in a lightless hood. The DAPI (Polysciences) was diluted to 0.05 mg * ml-l of stock solution with 0.2-pm-filtered Nanopure (Sybron-Barnstead) water and stored in 5O-~1 portions at -10°C. Glassware and plasticware were prewashed with 1:1 HzO:HN03 and rinsed five times with Nanopure water; all reagents were filtered before use through a Whatman GFF underlain by a 0.2-pm Nuclepore filter.
To prepare slides, we shook the sediment sample thoroughly in the fixative and pipetted 1.0 ml into a 50-ml beaker containing 35 ml of 0.2-pm-filtered seawater. The sample was then sonicated with a Fisher sonic dismembranator with a 25-mm titanium tip at 75 W for 1 min. Sonication breaks up clumps of algae and sediment which could prevent a thin, even spread of the material over the filter and thus affect counting accuracy, but does not destroy the bacteria.
While the beaker was being stirred, 5.0 ml of the sonicated sample were pipetted into a I5-ml conical-bottom centrifuge tube. One 50-~1 aliquot of DAPI was added to the tube, the tube was spun on a Vortex mixer, and then placed in complete darkness for at least 5 min. The final concentration of DAPI in solution was 0.5 pg. ml-'.
Two milliliters of sample were filtered through a 0.2pm Irgalan black-stained Nuclepore filter. Two filters were prepared from each sample so that replicates could be counted. The slides were stored in the dark at 4°C and counted within 24 h. Blanks were prepared by staining a serial dilution of seawater and fixative without sediment and counted for each set of slides.
Two microscopes were used for direct counts. Most bacterial preparations were examined under a Nikon Fluophot Series V equipped with an epifluorescent illumination system including a mercury lamp and a x 100 Planachromat objective. The filter combination consisted of violet light excitation (385425 nm) with a 445-nm dichroic mirror and 470K barrier filter. The remaining preparations were examined with a Leitz Laborlux 12 equipped with the Leitz Ploempak epifluorescence unit, with a mercury lamp (50 W) and a x 100 EF objective. An "A" filter cube for ultraviolet light excitation was found most suitable for DAPI counts (340-380 excitation filter, 400-nm dichroic mirror, and 430 barrier filter). Ten fields or 200 cells were counted, spaced across the width of the slide as delineated by an eyepiece micrometer (total dimensions 70 x 70 pm). The mean number of bacteria per field was then converted to number of bacteria per gram dry weight of sediment.
Specific surface area analysis was performed on sediments which had their organic coatings removed with boiling hydrogen peroxide.
Directly measured surface area values by nitrogen sorption were obtained with a Quantachrome Monosorb.
One sample of Lowes Cove surface sediment was separated into its component size fractions by sieving and gravity settling (Folk 1974; Krumbein and Pettijohn 1938) . The individual fractions were analyzed for organic carbon, after acidification to remove carbonates, in a Hewlett-Packard 185B CHN analyzer. The colonization patterns of bacteria on sediment were examined in culture by incubating intertidal sediment, pretreated with hydrogen peroxide, in 0.1 mg. ml-l peptone solution in seawater at room temperature for several days, These sediments were then prepared for SEM examination as above. Figure 1 shows the concentrations of bacterial cells in the sediments during the study period, along with water temperatures in the adjacent estuary, The precision of these counts ranged from +lO% for high bacterial numbers to +25% for low bacterial numbers. There was a gradual increase from February, when the ice began to break up in the cove, to July. The August sample marks the beginning of a decline in bacterial numbers, which is associated with a decline in water temperature. The most rapid increase occurred from June (2.36 x 10" cells * g-l dry wt) to July (4.68 x 10" cells-g-' dry wt). This period immediately follows the most abrupt increase in air and water temperatures. The same trend was observed with bacterial numbers normalized to in situ sediment volume.
Rem1 ts
Sediment specific surface area (Fig. 2 ) is lowest during winter, the sample at the end of March having the lowest value. The specific surface area peaked sharply in early April, followed by a gradual decline throughout spring and early summer and a rise into fall. These results are consistent with the seasonal trend in surface area found in an earlier seasonal survey on the same mudflat (unpubl. data). This sequence follows the pattern of erosion and deposition in Lowes Cove observed by Anderson et al. (198llb) . They found the greatest period of erosion in Lowes Cove to be from 3 February to 9 March, with the maximum erosion occurring with the melting of the ice cover. The beginning of April was found to be a period of rapid deposition, with pellet production contributing to a fining of the sediments by stabilizing the clay and silt fractions (Anderson et al. 1981u) .
Scanning electron microscopy showed that the characteristic deep pores of weathered feldspar (Fig. 3a) , which we originally thought would provide ideal bacterial niches, did not harbor bacteria, but instead were usually filled with small clay particles.
These pores were large enough for bacteria, but were apparently not suitable habitats despite their obvious advantages of providing protection against grazers and physical abrasion. The etched pits of weathered feldspars may be too narrow and deep to allow a sufficient flow of nutrient-containing seawater to supply bacterial needs. feldspar pores, microtopography was certainly a factor influencing the patterns observed.
Bacteria were preferentially found in areas of low relief; features such as surface fissures, crevices, cleavage ledges, and concave abrasions had a higher incidence of bacterial colonization than did smooth areas with convex surfaces. Smooth clay grains did not support bacterial populations.
The pattern of colonization of the cultured bacteria was unlike that in the natural sediment samples; cultured bacteria were found on exposed and convex surfaces of the grains not usually inhabited by bacteria in natural samples. This difference between natural and cultured habitats suggests that the natural pattern of habitation in protected areas is an expression of preferential survival in these areas rather than preferential colonization. The bacteria in natural sediment samples were found singly or in very small colonies of only a few cells localized in protected areas of the grain. This patchy or overdispersed distribution of bacteria on grains was evident only in the natural sediment samples.
From a seasonal perspective, the physical appearance of the bacterial cells improved with increasing temperature. During winter, the cells often looked shriveled; as the air and water temperature increased, the cells became more robust in appearance. Rublee (1982) also found a positive correlation of cell volume with temperature in North Carolina marsh sediments.
The development of bacterially produced organic coatings was studied by SEM examination of a sequence of weekly field samples. The initial stage (Fig.  3b) involved the proliferation of individual bacterial holdfasts radiating out from the periphery of cells. These holdfasts became denser, and coalesced to form a fibrous webbing (Fig. 3c ) and eventually continuous films (Fig. 3d ,e) which be- came thicker and more prevalent as summer progressed, often covering a substantial portion of the grain. At high magnifications, the films had a "cauliflower" texture ( Fig. 30 . This temporal sequence has been observed before in studies of fouling on artificial substrates (Dempsey 1981u,b) . Diatoms also contributed to this surficial organic matrix by exuding mucus around the periphery of their frustules and by producing mucus trails from the raphe during travel over grain surfaces.
These bacterial webs, or glycocalyx, and the mucus produced by diatoms tended to collect fine clay particles. Dempsey (1981b) observed a similar phenomenon on antifouling paint substrates. In fact, most of the clay particles that we observed in SEM samples were tied up in bacterial fibrous webs or embedded in the mucus surrounding diatom frustules. Bacteria were never found attached to clay particles. Although claysized particles contribute significantly to the surface area of the sediment (Mayer and Rossi 1982) , these particles are apparently too small or too smooth to provide microenvironments for bacterial attachment. Figure 4 shows the concentration of'organic carbon in the different size fractions of Lowes Cove sediment. Organic carbon increases with decreasing grain size to the fine silt fraction, but falls off slightly in the clay fraction. Similar trends have been observed in soil samples (Turchenek and Oades 1979) and deep-sea sediments (Tanoue and Handa 1979) . Our higher carbon values in the sand fractions than in the silt fractions are due to our separation technique; sieving the sands caused retention of Spartina fragments in these fractions while the coarser silts separated by gravity consisted primarily of clean quartz and feldspar grains.
Discussion
Bacterial numbers in surface interti da1 sediments fluctuated seasonally. A warming trend in both air and water temperature during the study period was reflected in an increase in bacterial numbers. Increases in temperature increase bacterial metabolic rates, reproductive rates and consequently the standing stock of cells.
Such temperature-dependent growth rates and consequent biomass increases have been observed for bacteria in the water by Meyer-Reil (1977) and for intertidal bacteria in culture by Schroder and van Es (1980) . Although rates of grazing on bacteria by animals would also be expected to rise with increasing temperature, apparently the response in bacterial reproductive rate is somewhat greater. The low temperatures in winter would slow metabolism and induce dormancy in the bacterial population, explaining both the low numbers and the lack of colonies and dividing cells in our winter samples. Our seasonal trend is somewhat different than that noted by Rublee (1982) , who in differmeasured at any one time as indicated by the rough proportionality seen for the data from three stations from any one sampling date, but the relationship is not as strong if data from different sampling times are considered together. Either temperature or some parameter related to it markedly affects the ratio of bacterial number to surface area.
Several workers have calculated the percentage of coverage of grain area by bacteria (see Rublee and Dornseif 1978) , but all estimates to date have been made by using surface areas calculated from grain diameter measurements.
Such calculated surface areas are generally low by one to two orders of magnitude because of the high porosity of sediment grains (Weiler and Mills 1965; Slabaugh and Stump 1964; Mayer and Rossi 1982) . Our measured surface areas allow us to calculate percentage of cover using actual surface areas; these values range from 0.01 to 0.05% in this study. However, our nitrogen sorption technique measures surface areas that are certainly not available to bacterial colonization, such as nanometer-sized pores. Our percentages should, therefore, be regarded as an underestimate of the cover of colonizable area, whereas other studies have provided overestimates. Nevertheless, the con- elusion from these estimates, that bacterial cells utilize only a small proportion of available area (Hargrave 1972) and are therefore not area-limited, remains valid. This conclusion of nonutilization of available area can be further modified by our observations that bacteria do not appear to colonize clay grains. Mayer and Rossi (1982) have shown that the clay fraction contributes a significant portion of the surface area of estuarine muds, yet we did not find bacteria colonizing any grains smaller than about 10 pm. We suggest three hypotheses to explain this pattern. First, unless the particle is appreciably larger than the bacterium it will not provide protection against resuspension by fluid shear forces in a high energy environment.
Second, there will be little room for colony formation on small grains. Third, clay grains in these sediments have very smooth surfaces, with virtually no shallow depressions apparently so favored by bacteria.
The strong association of clay grains with microbial exudates observed in our SEM study suggests that the relationship of bacteria to surface area may be due in part to the bacteria rather than to the surface area. Because clay accumulation is so important to the total sediment specific surface area and because the accumu-lation of clays in these intertidal sediments evidently requires biological incorporation (Anderson et al. 1981~; Cole 1979; Dempsey 198lb) , then the proportionality of bacteria to surface area is perhaps caused by the extent of bacterial colonization (controlled by temperature or a correlative) controlling clay incorporation, rather than vice versa.
Nevertheless, bacteria may colonize sand and silt grains to an extent proportional to grain surface areas, assuming that the fraction of desirable area in shallow depressions is constant with decreasing grain size while surface area is inversely proportional to grain size. An important implication of such a trend, however, is that hypotheses suggesting that selection of particles by deposit feeders is positively related to their surface area (e.g. Taghon et al. 1978) should apply only to grains coarser than fine silts.
The similarity of bacterial colonization and organic matter accumulation on grains of different sizes presents another cause and effect problem. Higher bacterial concentrations on fine silt than on clay grains may result in higher organic matter accumulations in fine silts, as a result of processes such as mucus formation. Conversely the bacteria may have simply responded to higher organic matter levels on fine silts than on clays, which accumulated there for some other reason.
The extensive development of mucus coatings in spring and summer lends support to the recent hypothesis of Hobbie and Lee (1980) that these coatings may be a more significant source of nutrition for deposit feeders than the bacteria themselves. We were not able to quantify the accumulation of mucus coatings, but our visual impressions were that they formed a volume several times that of the bacterial cells. Epipelic diatoms also contributed mucus to the grains, but benthic microalgae on this mudflat exhibit a seasonal colonization sequence quite opposite to that of the bacteria (unpubl. data), with abundances highest in winter.
The seasonality of these mucus coatings is similar to the increases in critical shear stresses (that stress necessary to initiate grain movement at the sedimentwater interface)
found by Grant et al. (1982) . They, also working in New England intertidal sediments, found that critical shear stresses in summer and particularly in fall were higher than in winter; they suggested that this was due to mucus adhesion of grains in the warmer months. Although our SEM results did not show whether mucus abundance was maximal in summer or fall, our data would seem to be very supportive of their suggestion.
